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Abstract 
This paper aimed to establish a milk protein based 3D printing food simulant and 
investigated the effect of whey protein isolate (WPI) concentration on the printing 
performance of milk protein concentrate (MPC). WPI and MPC powders at different 
ratios were prepared in paste (35 wt%, total dry matter content). The rheological 
properties and water distribution of protein matrix prepared with different MPC/WPI 
ratios were characterized with a rheometer and low field nuclear magnetic resonance 
(LF-NMR), respectively. Moreover, the variations in the microstructure of printed 
objects were observed with a scanning electron microscope (SEM). The printed 
objects showed different appearance and physical properties; the printing fidelity was 
also evaluated by measuring the geometric accuracy of printed objects. The 
rheological and texture data showed that the presence of WPI could reduce the 
apparent viscosity and soften the MPC paste, benefiting the printing process. The 
results showed that the milk powder paste mixture prepared with MPC/WPI at a ratio 
of 5/2 was the most desirable material for extrusion-based 3D printing, which could 
be successfully printed and matched the designed 3D model best.  
 
Industrial relevance: 
3D printing in food sector has been an attractive and emerging technology owing to 
its potential advantages, such as customized food designs, personalized and 
digitalized nutrition, simplifying supply chain and so on. This paper established a high 
protein food simulant for 3D printing, optimized its printing performance with whey 
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protein isolate, and studied the physicochemical property of prepared protein pastes. 
The overall results indicated that milk protein powders could be the promising 
materials for the application in food 3D printing. In flowing studies or practical 
production, the glycerol could be replaced by ingredients such as syrup, honey etc. 
This study may give more insights into 3D printing applied in food sector and 
facilitate the further developments of 3D food printing. 
 
Keywords: 3D printing; Milk protein concentrate; Whey protein isolate; 
Rheological properties; Microstructure; High protein food simulant; 
 
1. Introduction 
The 3D printing, based on additive manufacturing (AM), is a layer by layer 
manufacturing process. It depends on chemical reactions or phase transitions to 
integrate different materials together based on 3D digital model under the command 
of computer (Wegrzyn et al., 2012). Actual 3D printing application started in 1980s 
and was considered as one of the important symbols of the third potential industrial 
revolution at the time (Hull and Uvp, 1986). Now, this technology is widely applied in 
manufacturing industry, industrial design, construction, health-care industry and 
aerospace due to a series of advantages (Godoi et al., 2016; Wang et al., 2018). In 
general, an extrusion-based 3D method is the most widely adopted in food printing. 
There are three different extrusion mechanisms: (a) screw-based extrusion, (b) air 
pressure driven extrusion, and (c) syringe-based extrusion (Sun et al., 2018). In 
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material extrusion, the material is pushed out through a nozzle under a constant 
pressure, and the nozzle travels in a designed path controlled by the computer. At a 
constant speed, the extruded materials deposit and solidify on a platform.  
Nowadays, along with the shift in consumer attitudes and the growing attention 
to personal health, the food products which focus on the special demands of different 
consumers, such as athletes, children and elderly are emerging as a new trend (Sun et 
al., 2018). Thus, this provides an opportunity to introduce new technologies to food 
processing. Recently, 3D printing has provided a new potential frontier in food field 
owing to its special characteristics, such as convenience, flexibility, high efficiency, 
and tailored nutrition and diversiform (Liu et al., 2017). The 3D food printing 
generally involves the extrusion of a melted filament or paste through a fine nozzle. 
The earliest application of 3D printing in food was involved with the paste extrusion 
of a mixture of starch, yeast, sugar, corn syrup and frozen cakes (Yang et al., 2001; 
Lille, M., et al, 2018). At present, 3D printing technology in chocolate products has 
already developed some level of maturity, and has been applied in actual project (Hao 
et al., 2010; Sylvester et al., 2017). In recent years, researchers used some other food 
materials, such as protein, starch, fiber-rich food materials and sugar products with or 
without additives to facilitate the printing (Lille, M. et al, 2017; Sun et al., 2015). For 
meat products, transglutaminase and bacon fat have been used as additive in printing 
turkey meat-puree and scallop (Lipton et al. 2010). Wang et al., (2018) used fish 
surimi gel as material to produce complexed-shape food patterns and investigated the 
influence of NaCl addition on gel physical property, furthermore, the effects of the 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
5 
 
printing parameters on the geometrical accuracy and dimension of printed surimi gels 
were also studied. For a personalized food formula for children aged from 3 to 10 
years old, a fruit-based snack was printed, and the effects of printing speed and flow 
level were investigated (Derossi et al., 2018). The 3D printing technology has a very 
strict requirement on the material properties, such as the viscosity, rheology, etc. Liu 
et al. (2018) investigated the rheological properties of mashed potatoes with addition of 
different concentrations of potato starch, and their relationship between rheology and 
printing performance. They came to a conclusion that the addition of 2% potato starch 
was suitable for printing, with better extrudability and shape retention. 
In general, the viscous material used in extrusion-based 3D printing usually 
should have appropriate viscosity to go through the nozzle and adhere together layer 
by layer. Milk proteins have many potential advantages which could be used in an 
extrusion-based 3D printing, such as the heated-induced gelation property (Nguyen et 
al., 2017; Pitkowski et al., 2008; Schutyser et al., 2018; Chungchunlam et al., 2017) 
and rehydration. Milk protein concentrate (MPC) is produced by ultrafiltration under 
low temperature followed by diafitration, vacuum evaporation and spray drying, 
removing the non-protein component, such as lactose etc. (Mccarthy et al., 2017). 
Whey protein is the byproduct of cheese production, which is concentrated and 
obtained after special treatments (Chungchunlam et al., 2017). Milk protein 
concentrate (MPC) and Whey protein isolate (WPI) are widely used in the 
value-added food products, such as high-protein foods for athletes and fitness 
enthusiasts, infant formula and beverages, due to its nutritional value and functional 
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properties (Ji et al., 2017).  
To the best of our knowledge, literatures focusing on 3D food printing of 
high-protein foods have not been reported. This study aimed to establish a high 
protein food simulant for 3D printing using milk protein concentrate (MPC) and WPI, 
which could be consumed by people who needs a relatively high protein intake such 
as fitness enthusiasts, athletes or young children. In detail, the effect of whey protein 
isolate addition on the printing performance of milk protein concentre was 
investigated. In instrumental measurement, the effect of adding WPI on the rheology 
of MPC pastes was also investigated, examining its effect on the extrusion behavior 
and printed product quality. Further, the textural properties, microstructure and water 
distribution were analyzed by texture analyzer, scanning electron microscopy (SEM) 
and LF-NMR technology, respectively. The printing illustration of milk protein based 
paste is shown in Fig. 1. 
2. Materials and Methods 
2.1 Materials 
Milk protein concentration (MPC85) containing 82% protein (w/w), 5.7% 
moisture content, 1.5% fat, 5.0% lactose and 6.7% ash was purchased from Fonterra 
Co-operative Group (Auckland, New Zealand), and these data was supplied by the 
manufacturer. Whey protein isolate (WPI, Lot No., LE 059-420), containing 97.8% 
protein (w/w, dry basis), 0.4% fat, 1.7% ash and 4.4% moisture as specified by the 
manufacturer, was obtained from Agropur Davisco Foods International Corporation 
(Eden Prairie, MN, USA). Glycerin was purchased from Sinopharm Chemical Regent 
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Co. Ltd (Beijing, China). Xanthan gum was kindly supplied by CPKelco Co. Ltd 
(Shanghai, China), and FITC (fluorescein isothiocyanate) was purchased from 
Sigma-Adrich (St. Louis, MO, USA). Other reagents and solvents were of analytical 
grade without further purification. 
2.2 Preparation of milk protein pastes for 3D printing 
In order to simplify and simulate the complex food system and, we used only 
glycerol as plasticizer and moisturizer. Firstly, glycerin, was added into the deionized 
water at the ratio of 1:1 (w/w) under magnetic stirring (Lu et al., 2016), and xanthan 
gum (0.5%, w/v) as a structuring agent was then added and stirred until a 
homogeneous solution was obtained. The amount of xanthan gum was determined 
according to a published literature (Li, Wu, Ma, Lu, Regenstein, & Zhou, 2017). The 
milk protein paste was prepared by mixing milk protein powders into the above 
prepared solution with a spoon. Firstly, various ratios of WPI powder (as shown in 
Table 1) was weighed and mixed with the MPC powder homogeneously in a stainless 
steel bowl prior to the preparation of paste. The total fraction of protein ingredient 
content in the paste was maintained at 35 wt%. The final homogenization step was 
performed with a syringe according to the published method (Lille, M. et al, 2017) 
with slight modification. The paste was stored at 4 °C overnight for rehydration and 
allowed to warm to room temperature before conducting all the experiments and 3D 
printing.  
2.3. Rheological characterization of milk protein paste 
The rheological properties of milk protein pastes of different types and 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
8 
 
concentrations were analyzed by a hybrid rheometer (HAAKE MARSΙΙΙ, Thermo 
Fisher Scientific, Karlsruhe, Germany) according to the method in published 
literatures (Liu et al., 2018; Wang et al., 2018). Briefly, a 35 mm parallel plate (P35 
TiL) geometry with the gap of 1 mm was used, and the shear rate was set from 0.1 to 
10 s-1. Prior to test the excessive material outside the plate was scraped off. Shear 
stress, shear rate, and apparent viscosity (η) were recorded by a RheoWin 4 Data 
Manager (Rheology Software, Thermo Fisher Scientific, Waltham, MA, USA). 
A strain sweep was also measured where the strain was varied from 0.01 to 200 % 
at a constant frequency of 1 Hz at 25 °C and the elastic modulus (G’) and loss 
modulus (G”) are recorded as a function of the strain. Small amplitude oscillatory 
frequency sweep mode was utilized to characterize the dynamic viscoelastic 
properties of milk protein paste. The frequency was oscillated from 0.1 to 100 Hz, and 
all measurements were performed at the strain value of 0.1% (within the identified 
linear viscoelastic region), and G’, G”, and loss tangent (tanδ) were recorded. All 
measurements were done in triplicate and conducted at 25 °C. 
2.4. Texture profile analysis (TPA) 
Texture profile analysis (TPA) of both the prepared protein pastes and the printed 
objects were performed with a TA-XT-plus texture analyzer (Stable Micro Systems, 
UK) with a probe P36/R (36 mm diameter). The protein pastes prepared into uniform 
globular shape (18 mm in diameter) and the printed objects in (16 mm×16 mm×20 
mm) cylinder were tested with two compression cycles. The test parameters were set 
as follows: test speed of the probe of 1 mm/s, trigger force of 5 g, 50% compression 
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of the original height, the time interval between the two compressions of 5 s. As 
mentioned above, the hardness and the adhesiveness of protein pastes were important 
for extrusion and lawyered adhesion, so only the hardness and adhesiveness were 
recorded for the protein pastes while the whole texture profile of printed objects were 
recorded. Each sample was test for 3 times at 25 °C.  
2.5. Low frequency-NMR relaxation measurements 
The water distribution of the different milk protein pastes were analyzed with 1H 
NMR spectrometer (PQ001, Niumag Electric Corporation, Shanghai, China). The 
measurement parameters were as follows: magnetic field of 0.54T; proton resonance 
frequency at 18 MHz; temperature at 25 °C. A bout 5 g sample was packed with teflon 
film and placed in the NMR sample tube with diameter of 25 mm, then the tube was 
put into the magnet chamber. Carr-Purcell-Meiboom-Gill pulse sequence (CPMG) 
was applied to obtain the Transverse relaxation time (T2). Each measurement was 
conducted in triplicate. 
2.6. Confocal laser scanning microscopy (CLSM)  
In order to observe the existing form of protein particles in pastes, a confocal 
laser scanning microscope (CLSM 710, Zeiss, Germany) was applied. According to 
method of Lu et al. (2016), 20 µL Fluorescein isothiocyanate (FITC, 0.2 mg/mL in 
ethyl alcohol) was dripped into 1 g protein pastes. Then about 0.3 g sample was 
transferred to a glass-bottomed sample dish (Shengyou Biotechnology Co., Ltd, 
Hangzhou, China) for observation. FITC was excited at the wavelength of 488 nm 
with an argon laser beam, and the emission beam was captured using a 510 nm 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
10 
 
long-pass filter. 
2.7. The 3D printing process and printing performance evaluation 
The extrusion-based 3D printing system is usually comprised of 
computer-controlled system, feeding system, motion system, etc. The control system 
is in charge of model design, slicing operation and printing parameters, including the 
printing speed, layer height, etc. The feed system is used for feeding and storage of 
material. The motion system is usually considered as the most important component 
which contains extruder, nozzle and the moving platform. In general, a nozzle with 
modifiable size is fixed at the end of the extruder, and the extruder could move along 
the Z axis. The 3D printer was powered by a stepping motor with a torque of 0.45Nm 
and it exerts an extrusion force at 70 N when it works. Under the nozzle is a platform 
which could move along X axis and Y axis, thus printing a 3D object. A brief 
schematic diagram of extrusion based 3D printer (SHINNOVE-S2, SHIYIN 
Technologies Co. Ltd, Hangzhou, China) is shown in Fig. 2. 
Samples were put into the syringe barrel and started the printing program. 3D 
models: Chinese character (春, 38 mm×38 mm×4.75 mm) and a cylinder (16 mm×16 
mm×20 mm) were built by Rhino 5.0 (Robert McNeel, Seattle, WA, USA) and  
translated by the slicing software Cura 15.0 (Ultimaker, Geldermalsen, Netherlands). 
Then they were exported as G-code styles and read by the 3D printer. The printing 
parameters were set as follows: the nozzle size of the printer was set as 0.84 mm and 
the flow rate was 100% (19.39 mm3/s), the printing and retraction speed were 35 
mm/s and 50 mm/s, each layer height was 0.75 mm, the shell thickness was 0.84 mm 
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and the filament diameter was 22 mm, the nozzle height was 1.0 mm and infill density 
was 30% with a rectilinear fill pattern. These parameters were modified and 
determined through our preliminary experiments and the printer manuals. The 
printing process was conducted at room temperature (25 °C) without any support 
structures. 
In order to study the printing fidelity of the printed objects, the diameter of 
extruded filaments, the height and diameter of printed objects in cylinder were 
measured with a digital vernier caliper (Santo 8015, Shanghai, China). Owing to its 
viscoelastic properties, the diameter of fresh extruded filament was not able to be 
accurately measured, so the filament diameter was measured after printing for 1 h. 
The bottom diameter and height of printed cylinder was measured and recorded every 
15 minutes to track the dimensional change along with time. Each sample was tested 
in triplicate. 
2.8. Scanning electron microscopy (SEM)  
The microstructural characteristics of printed objects were characterized with a 
scanning electron microscopy (TM 3030, Hitachi, Tokyo, Japan) according to a 
previous method (Lu et al., 2016) with slight modifications. The linear single filament 
extruded from the nozzle was collected and fixed in 0.1 M phosphate buffer (pH 7.4) 
containing 2.5% glutaraldehyde for 24 h at 4 °C. Then samples were washed with 
0.1M phosphate buffer for 3 times, dehydrated in graded ethanol series of 30, 50, 70, 
80, 90 and 100% (v/v), and then vacuum freeze-dried for observation. Prior to 
observation, samples were snapped, fixed on the sample platform with conductive 
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tape and sprayed with a layer of gold in a vacuum room for a cross-section 
observation. Then the samples were placed in the SEM chamber and observed at an 
acceleration voltage of 15 kV and a magnification of 500× and 80× respectively. 
2.9. Statistical analysis  
All data were expressed as the mean ± SD. Analysis of variance (ANOVA) was 
used for the analysis of the test results (least significant difference) at the significance 
level of p-value <0.05 with a SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, 
USA). 
3. Results and Discussion 
3.1. Rheological behavior of milk protein pastes 
The strain sweep data are presented in Fig. 3. For all dairy pastes, the linearity 
limit turned out to be under 1%, which is also called the linear viscoelastic region. 
Within this region, the strain was small enough and did not affect the network 
microstructures of the pastes, and the storage modulus G’ is constantly higher than the 
loss modulus G”. Once beyond the linear viscoelastic region, the G’ and G” decreased 
monotonically and markedly, resulting from the deformation of the paste network. 
When G’ and G” cross, it suggests the network structure of the protein pastes started 
to collapse and the matrix began to flow. It showed that the intersections of G’ and G” 
moved approximately from 30% of strain to 55% corresponding to the gradual 
increasing of WPI proportion in the protein matrix (Fig. 3), suggesting that the pure 
MPC paste is fragile and vulnerable to external force but WPI could help ease these 
drawbacks, benefiting the 3D printing process. However, when the mass ratio of MPC 
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and WPI reached 4 to 3, the G” starts to become larger than G’, which indicates that 
the material response was predominantly viscous under shear strains and showed a 
liquid–like behaviour (Vancauwenberghe et al., 2017). 
An appropriate apparent viscosity is a vital parameter for extrusion-based 3D 
printing. On one hand, it should be low enough to pass through the nozzle; on the 
other hand, it has to be high enough to adhere to the previous layer (Liu et al., 2018). 
The apparent viscosity of protein pastes with different whey protein fractions were 
plotted as a function of shear rate in Fig. 4a. The apparent viscosity of four protein 
pastes remarkably decreased with the shear rate, suggesting that the protein pastes are 
shear-thinning and pseudoplastic fluids. Besides, the increasing WPI fraction leads to 
a decrease in apparent viscosity, which would be beneficial for the protein paste to be 
successfully extruded from the nozzle and deposited on the platform in a designed 
structure. Fig. 4b and 4c depict the viscoelastic properties of the mixed protein pastes, 
namely the storage modulus (G’), loss modulus (G’’) and loss tangent (tanδ). The G’ 
indicates the energy reserved during every cycle of dynamic oscillation, and describes 
the elastic or solid-like behavior, while the G’’ indicates the energy dissipation which 
is related to viscous or liquid-like characteristic (Wang et al., 2016). Tanδ is calculated 
by G’’/ G’, and the value which is greater than 1 suggests predominantly viscous 
property; if tanδ is smaller than 1, it suggests a solid-like behavior (Eidam et al., 
2010). Frequency sweep tests shown in Fig. 4b and 4c indicate that both the G’ and G’’ 
gradually increased with the increasing oscillatory frequency as a result of growing 
internal friction. In addition, the G’ and G’’ curves plotted as a function of oscillatory 
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frequency showed a frequency-dependent behavior, suggesting that the protein paste 
matrix was formed mainly by non-covalent interactions between the protein and 
protein and / or protein and water (Tarhan et al., 2016).  
In light of viscoelastic properties, the tanδ was smaller than 1 (G’ higher than G’’) 
for all the protein matrixes, indicating that it has the potential to form the solid-like 
structure. For G’ and G’’, they both gradually decreased with the increasing whey 
protein content at any given oscillatory frequency; and the loss tangent increased as 
the WPI fraction rose, indicating that the protein paste gradually showed a more 
flowable and liquid-like behavior.. Previous studies suggested that different protein 
particles have diverse ability to interact with water, namely the different water binding 
capacity of the two protein particles (Peters et al., 2016), and water existed in 
interstitial and internal contributed unequally to the functional properties of protein 
such as their ability to gel, to swell, to act as stabilizer and to dissolve (Chou and Morr, 
1979; Peters et al., 2017). The presence of WPI decreased the apparent viscosity and 
benefited the extrusion of protein pastes partly due to its special interactions with 
water, and this variation in water distributions for MPC-WPI blended matrix is further 
confirmed by the following NMR test. 
3.2 NMR analysis of the milk protein pastes 
An important property of protein is its ability to interact with water (Peters et al., 
2017), and this property contributed the water distributions in the protein matrix 
which is closely related to the rheological property and printing performance of 
material (Liu et al., 2018). Components with different T2 denote populations of 
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protons (1H) with different rotational mobility, which is related to different groups of 
proton-bearing moieties. A low transverse relaxation time (T2) indicates a small 
degree of moisture freedom in the sample and strong binding with solid components, 
while a high T2 indicates a large degree of moisture freedom (Schmidt & Lai, 1991; 
Yang, Zhang, Bhandari, & Liu, 2018). The relaxation time (T2) distribution is 
displayed in Fig. 5, and it is notable that the pastes prepared with mixed proteins have 
different water distributions emerging approximately at 0-1 ms (T2b), 2-10 ms (T21), 
10-100 ms (T22) and 100-400 ms (T23) respectively, which were assigned to be the 
bound water, immobilized water, partially immobilized and free water (Wang et al., 
2017). As illustrated in Fig. 5, the water population tightly bound to the 
macromolecules (T2b) had no significant difference. However, the other water 
populations had obvious difference. Among them, the middle two components are 
also called “absorbed water” (Dekkers et al., 2016). It could be observed that these 
two components (T21 and T22) account for the vast majority of the NMR relaxometry 
signal intensity, indicating that the water in the protein matrix at this concentration of 
water are mostly immobilized and partially immobilized. In addition, the immobilized 
and partially immobilized water fractions varied with the change of WPI fractions in 
the matrix. In detail, the T21 peak proportion decreased with increasing WPI fraction 
while T22 peak proportion increased with the increasing WPI fraction. In general, the 
partially immobilized water gradually increased as a result of the shift of “absorbed” 
water between T21 and T22, indicating an alternation of interaction between water 
molecules and protein molecules. For the free water which is shown in T23, it is noted 
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that the peak area and intensity showed a remarkable difference among the four 
protein pastes, and the peaks of MPC/WPI at the ratio of 4/3 and 5/2 are obvious 
while the peaks of MPC/WPI at the ratio of 6 to 1 and 7 to 0 are small. It suggested 
that the paste with higher proportion of WPI consisted of a notable amount of 
interstitial water and flowable water, which would facilitate a more fluid-like property. 
In other words, WPI enhanced the water locomotion in the protein matrix. These 
NMR findings are in agreement with the rheology properties such as strain sweep, 
increased apparent viscosity and frequency sweep data mentioned above.  
3.3. Textural properties of the milk protein pastes 
The textural parameters of milk protein pastes with different WPI proportions are 
shown in Table 2, and the images of samples after compression test are illustrated in 
Fig. 6 (the top row). As shown in Table 2, the hardness of protein pastes decreased 
remarkably (p 0.05) from 269.11 g to 72.38 g with the increasing proportion of WPI. 
Meanwhile, the adhesiveness increased dramatically (p0.05), indicating that the 
presence of WPI could soften the mixed protein pastes and increase the adhesiveness, 
benefiting the extrusion and layered structure of material. Furthermore, the protein 
pastes after compression in Fig. 6 (the top row) also manifested these changes in 
properties. The pure MPC paste broke into large pieces after compression while the 
protein pastes with WPI gradually became a viscoelastic material, which showed a 
certain resistance to break into pieces under external force. 
In general, the pure MPC powders formed a hard and rigid paste, however, the 
presence of WPI facilitated to form a soft, flexible, and elastic paste in a 
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dose-dependent manner, reflecting an alternation of interaction between protein 
macromolecules and small molecules, such as water and glycerin. This is partly 
attributed to the different water distributions in protein blends. The presence of WPI 
increased the interstitial and free water (Perreault et al., 2016), forming more flowable 
and adhesive pastes. The images shown in Fig. 6 (the top row) and strain sweep data 
in Fig. 3 also reconfirmed these properties. It could be observed that the pure MPC 
paste without WPI showed a fragile network, which is susceptible to deform under 
external force. However, the resistance to deform gradually increased with the 
increasing amount of WPI in the protein matrix, which would benefit the 3D printing 
in practical printing operation. These findings were similar to the investigation of 
previous studies (Lu et al., 2016), which also found that the protein matrix with 
sodium caseinate had a harder texture compared with WPI. In conclusion, the 
presence of WPI could improve the matrix texture and could be beneficial for 
subsequent deposited layer cohesion. 
3.4 Confocal laser scanning microscopy (CLSM) of the milk protein pastes 
Fig. 6 (the bottom row) shows the CLSM images of the MPC pastes with 
different amounts of WPI. As shown in Fig. 6a, the pure MPC particles were not fully 
rehydrated, and the typical profile of protein particles could be observed. However, 
with the increasing of WPI amount in the protein matrix, the mixed pastes gradually 
showed a more liquid-like continuous matrix. As shown in Fig. 6 (the bottom row), 
the liquid-like continuous status of protein matrix has a positive relation with the WPI 
proportion. This could be attributed to the better water retention (Banks and Muir, 
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2010; Perreault et al., 2016) and rehydration of WPI including swelling, collapsing 
and subsequent dissolving process (Burey et al., 2009). Lu et al. (2016) also observed 
the similar phenomena when investigating the molecular migration in high-protein 
intermediate-moisture foods fabricated with dairy and soy proteins. Meanwhile, these 
findings were also corresponding to the results of rheological and texture properties 
mentioned above.  
3.5. Printing performance of milk protein pastes 
The printing performance of milk protein pastes with different proportions of 
MPC and WPI is displayed in Fig. 7. It is showed that the printing quality of protein 
pastes improved with the increase of WPI content, and the printed objects gradually 
become complete and clear. As shown in Fig. 7 a and A, the pure MPC paste with no 
WPI is too hard to be successfully extruded from the nozzle, and the thread extruded 
from the nozzle is dry, rigid and fragile. In addition, the extrusion process is not 
continuous and the layers could not adhere to each other. In general, the pure MPC 
paste with the present formulation could not take shape by extrusion-based 3D 
printing technology. As shown in Fig. 7 b and B, when the ratio of MPC and WPI 
reached 6:1, the protein paste could be successfully extruded from the printing nozzle. 
However, the extruded protein strings still had higher brittleness and could not adhere 
to the previous layer during extrusion and deposition, which is susceptible to collapse 
and crack. When the ratio of MPC and WPI reached 5:2 or higher, the protein paste 
could not only smoothly be extruded but also maintain its originally designed shape 
during deposition. As demonstrated in Fig. 7 c and C, the protein paste of which the 
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ratio of MPC/WPI at 5:2 is the most desirable material for extrusion-based printing 
because the geometry shape is complete and tridimensional. In this state, the 
properties of the material are suitable for not only easy extrusion but also adhesion to 
previous deposited layers. When the ratio of MPC and WPI reached 4:3, the protein 
paste is also able to be extruded smoothly, however, it should be noted that the printed 
object could not maintain its spacial structure after printing as a result of poor 
mechanical strength and higher mobility. As shown in Fig. 7 d, it is obvious to 
observe that was the bottom of the printed cylinder started to flow and collapse 
because the weaker mechanical strength of the material could not hold its upper 
weight. As a result, it tends to spread after printing, facilitating an inferior printing 
precision compared with the 3D model. Fig. 7 also demonstrated some printed objects 
with the ration of MPC and WPI at 5:2. As shown in Fig. 7, the printing performance 
of protein paste at such MPC and WPI ratio (5:2) was good due to the optimal 
rheological and textural properties. On one hand, the pastes for 3D printing should 
have sufficiently strong mechanical strength to support the weight of subsequently 
deposited layers (Wang et al., 2018); on the other hand, it should also have proper 
viscosity to go through the nozzle and adhere layer by layer (Liu et al., 2018). Based 
on these observations, it suggested that the protein paste with a ratio of MPC and WPI 
at 5:2 exhibited the optimal printing performance, namely the successful extrusion 
and the preferable spatial structure, better matching with the designed 3D models. In 
addition, a detailed printing precision measurement was displayed in Fig. 8. Fig. 8A 
demonstrated the actual diameter of extruded filaments with different protein pastes 
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and Fig. 8B and 8C displayed the dynamic changes in height and diameter of printed 
cylinders along with time (the protein paste made of pure MPC was not able to be 
printed and measured). It could be observed that the filament diameters were 1.01, 
0.91, 0.85 and 0.72 mm respectively for the protein pastes with the MPC/WPI ratios 
at 7:0, 6:1, 5:2 and 4:3. The paste with MP/WPI ratio at 5:2 matches the printing 
nozzle best (closest to the red line 0.84) as shown in Fig. 8A. Similarly, the changes in 
height and diameter also showed different trends as a result of natural characteristics 
of materials. As shown in Fig. 8B, the height of printed cylinders made from pastes of 
MPC/WPI at both 6:1 and 5:2 did not show significant changes along the time while 
the height of paste made from MPC/WPI at 4:3 significantly decreased from 16.79 
mm to 15.50 mm after 45 min owing to the gravity and poor mechanical strength. In 
Fig. 8C, the diameter of printed cylinders made from pastes of MPC/WPI at both 6:1 
and 5:2 nearly did not change with time, and they values were maintained at 17.96 
mm and 16.50 mm respectively. However, the diameter of printed cylinders made 
from paste of MPC/WPI ratio at 4:3 increased significantly from 20.92 to 22.17 mm 
after 15min, and then maintained at 22.30 mm. It could be observed that the 
diameter and height of three samples all changed after printing and deposition; 
however, the printing fidelity was better when the ratio of MPC and WPI was at 5:2, 
corresponding to Fig. 7. These observations are in agreement with the texture 
properties. The rheology and texture properties of the protein pastes mentioned above 
are also applicable for accounting the printing performance. 
3.6. Texture properties and microstructures of the printed objects 
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The textural properties of printed objects are also measured by TPA tests and the 
results are demonstrated in Table 2. However, the protein paste prepared with pure 
MPC could not be printed, and data of pure MPC paste is not available. As expected, 
the textural properties of printed objects showed a similar trend with the protein 
pastes. The hardness of the printed objects decreased from 142.92 g to 55.40 g as the 
proportion of MPC and WPI changed from 6:1 to 4:3; and the adhesiveness increased 
from -5.16 g to -67.40 g accordingly. The springiness and cohesiveness of the printed 
objects increased from 0.21 to 0.53 and 0.28 to 0.54 respectively as the proportion of 
WPI rose, which is similar to the change of protein paste material (data not shown). 
Lower springiness is attributed to the hard and brittle structure as shown in Fig. 6 A 
and 6 B. The brittle network structure broke into large pieces when samples are 
compressed. The addition of WPI could modify the inferior structure, making it 
denser and stretchier and increasing the springiness and cohesiveness of the high 
protein matrix. In addition, the presence of WPI also affected the gumminess and 
chewiness as shown in Table 2. The gumminess was decreased while the chewiness 
was increased slightly as the proportion of WPI gradually increased. 
The microstructures by SEM (cross section) magnified at 500× (a, b, c, d) and 80 
× (A, B, C, D) for the extruded lines of the printed objects are displayed in Fig. 9. As 
shown in Fig. 9 a and A, the printed objects from pure MPC paste had a loose and 
incompact inner structure, and the typical MPC particles could be observed obviously, 
suggesting that the protein particles were not fully rehydrated. The network showed a 
higher porosity and more visible protein particles. However, the printed pastes with 
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higher ratio of WPI had a significantly different appearance, which showed an 
increasing homogeneous and uniform inner structure and this phenomenon is in direct 
proportion to the WPI amount. In detail, the milk protein paste with MPC/WPI at the 
ratio of 6:1 presents a semi continuous inner structure as shown in Fig. 9 b and B. 
When the ratio of MPC/WPI reached 5:2 or higher, the inner structure of protein paste 
showed a more continuous and homogeneous appearance shown in Fig. 9 c/C and 9 
d/D. These findings are in agreement with a previous study (Lu et al. 2016). 
In general, the presence of WPI changed the inner structure of protein pastes, 
facilitating an increasingly homogeneous and liquid-like protein matrix. The alteration 
of microstructures of printed protein paste is corresponding to the altered rheological 
behavior and better printing performance mentioned above.  
4. Conclusions  
The present research exhibited the three dimensional printing performance of 
milk protein mixture. The results indicated that the protein paste prepared with 
MPC/WPI at the ratio of 5/2 was able to be successfully printed and better matched 
the designed 3D model. The rheological behavior and NMR results of protein pastes 
showed an altered interaction between water and the protein with the increase of WPI 
proportion, facilitating a change of water distribution. The free water and partially 
immobilized fractions increased with the increasing proportion of WPI in the protein 
matrix, which would increase the mobility and reduce the apparent viscosity of 
protein pastes. The protein paste prepared with MPC/WPI at the ratio of 5/2 has the 
proper viscosity and mechanical strength for deposition and adhesion, which is 
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applicable in extrusion-based 3D printing. In conclusion, this study established a 
simulative high-protein food system which could be applied in extrusion-based 3D 
printing. This would benefit the further developments of 3D printed high-protein food, 
and give more insights into the 3D printing technology applied in foods. 
A short video summarizing this work and illustrating the printing process is 
available as supplementary material for this study. 
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Table1 Milk protein based formulation for 3D printing. 
 
Ingredients  Mass fraction (%) 
 
MPC:WPI(w/w) 
6:1  
35 5:2 
4:3 
Solution (water and glycerol at equal 
proportion w/w, and xanthan at 0.5% 
w/v of water-glycerin solution)  
      
      65 
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Table 2 TPA results of milk protein pastes and printed objects prepared with different 
proportions of MPC and WPI. 
 
 
 
Protein 
Paste 
Properties MPC(7):WPI(0) MPC(6):WPI(1) MPC(5):WPI(2) MPC(4):WPI(3) 
Hardness 
(g) 
269.11±9.17a 180.43±13.25b 100.53±2.04c 72.38±1.02d 
Adhesiveness 
(g·s) 
-4.08±0.09a -23.45±2.03b -86.65±9.17c -101.94±10.19d 
 
 
 
Printed 
object 
Hardness 
(g) 
- 142.92±12.00a 89.27±8.10b 55.40±4.99c 
Adhesiveness 
(g·s) 
- -5.16±1.93a -21.19±5.84b -67.40±4.38c 
Springiness 
(cm) 
- 0.21±0.02a 0.39±0.02b 0.53±0.03c 
Cohesiveness - 0.28±0.01a 0.43±0.01b 0.54±0.01c 
Gumminess - 40.32±1.22a 38.21±0.82a 30.80±2.03b 
Chewiness - 8.73±0.70a 15.36±0.81b 16.22±1.19b 
 
Values are presented as mean ± SD (n=3) 
a, b, c, d indicate significant differences(p0.05) between values in the same row 
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Figure captions 
Fig. 1 The 3D printing illustration of milk protein based paste. 
Fig. 2 Schematic of a 3D printer system. 
Fig. 3 Strain sweep of milk protein pastes at different MPC/WPI mass ratios (w/w). 
Fig. 4 Rheological properties (a, apparent viscosity; b, storage modulus; c, loss 
modulus and d, loss tangent) of milk protein pastes with different proportions of MPC 
and WPI. 
Fig. 5 NMR signal (T2) for milk protein pastes prepared with different proportions of 
MPC and WPI.  
Fig. 6 Image of milk protein pastes after TPA compression test and fluorescence 
micrographs of microstructures of milk protein pastes . 
Fig. 7 Images of printed objects made from milk protein pastes with different 
proportions of MPC and WPI. 
Fig. 8 Evaluations on the printing fidelity of printed objects (A, the diameter of 
extruded filament; B, the height of printed cylinder as a function of time; C, the 
diameter of printed cylinder as a function of time).Values with different letters of the 
same sample indicate significant difference (p 0.05). 
Fig. 9 Cross-section micrographs of printed layer made from milk protein pastes with 
different proportions of MPC and WPI (Magnification of a to d at 500×, and A to D at 
80×). 
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Highlights 
 
Fabrication of milk protein based 3D printing food simulant was investigated.  
 
Milk protein paste with MPC only is too hard to be extruded from printer nozzle. 
 
Increasing proportion of WPI would reduce viscosity and soften the protein pastes. 
 
Milk protein paste with MPC/WPI at ratio of 5/2 exhibits good printing performance. 
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